Abstract: While several Prussian blue analogues (PBAs) have been investigated as water oxidation catalysts, the field lacks a comprehensive study that focuses on the design of the ideal PBA for efficient water oxidation catalysis. Herein, a series of PBAs with different cyanide precursors were investigated to study the effect of hexacyanometal group to their electrocatalytic water oxidation activities.
Introduction
Increase in energy demand has forwarded scientific community, particularly in the last two decades, to find alternative energy sources that will replace limited fossil-based fuels. [1] Since solar energy that utilizes the production of H2 from water has been one of the most promising candidates among sustainable sources of energy, much effort has recently been devoted to investigate efficient methods to split water. [2] [3] [4] [5] [6] [7] Since water splitting process is mostly limited by the high overpotential of oxygen evolution reaction (OER), many studies have been performed to introduce novel catalysts that operate at low overpotentials. [8] Many inorganic systems including metal oxides, [9] [10] [11] [12] perovskites, [13] [14] [15] amorphous materials, [16] noblemetal based materials, [17, 18] and metal organic frameworks (MOFs) [19, 20] have been investigated as WOCs. Of these, cobalt oxides stand forward due to their high catalytic activities. [21, 22] Despite their high catalytic activities, cobalt oxides have mainly two disadvantages; [23, 24] i) low stability and high tendency to decompose in acidic medium, ii) difficulty in correlation of the catalytic activities with structure due to their amorphous nature. Non-oxide materials have also drawn attention as WOCs due to their favorable characteristics such as ease of preparation, stability at a wide range of pH, and robustness during catalytic processes. [25] Patzke et al. reported a carbodiimide-based material that could be used as a WOC, which is stable in acidic and neutral media. [26] A similar class of materials, metal dicyanamides, has also shown to be promising candidates for water oxidation electrocatalysis. [27] Cobalt hexacyanoferrates, members of Prussian blue analogue (PBA) family, are also exceptional candidates for electrocatalytic water oxidation due to their high catalytic activities, robustness, and stability at neutral pH. [28] [29] [30] A further study by Patzke et al. showed that PBAs can also be used for light driven water oxidation process in the presence of [Ru(bpy)3] 2+ as a chromophore. [31] Despite their high turnover frequencies (TOFs), one of the main drawbacks of cyanide-based systems is their low concentration of electroactive cobalt sites. Their low concentration is attributed to the relatively larger distances between Co(II) sites (~10 Å) compared to oxide-based systems (~3 Å). [28] This problem has recently been overcome by our group with the use of a novel pentacyanoferrate-bound polymer as a precursor for Co-Fe PBAs, which resulted in a dramatic decrease in the crystallinities of PBAs, and thus, a significant increase in the surface concentration. [32] al n-as ar s al. approached the same problem by using a new synthetic method for the preparation of thin films of PBAs, which involves chemical etching of cobalt oxides with a hexacyanoferrate solution to form an in situ PBA film. This novel method led to an impressive improvement on the stability of the electrode and electrocatalytic performance in a wide range of pH. It exhibits a much lower overpotential (510 mV) to obtain a current density of 1 mA cm −2 . [33] In addition, , and) together with characterization studies were performed to investigate the effect of the type and oxidation state of the metal in M(CN)6 unit to the catalytic activity of PBAs. The effect of hexacyanometal group to the electronic properties of electroactive cobalt site was further examined with electronic structure calculations employing Density Functional Theory (DFT). [37, 38] Results and Discussion [28, 33] The difference is mainly attributed to different preparation methods since PBA modified electrodes prepared via an in situ method exhibit lower Tafel slopes (~ 90 mV dec -1 ) compared to those prepared with drop casting. [26, 32] Figure  S2 ). [28, 32] 
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Chemistry -A European Journal Long term chronoamperometric studies at an applied potential of 1.4 V vs NHE were performed to investigate the stability of the PBA modified electrodes. The current density for each catalyst decreases until it reaches a constant value as previously reported r r p and al n-as ar s al. [28, 32] The same trend can be obtained for four repeating cycles and the close similarity of cyclic voltammetric profiles obtained after each cycle indicates that catalysts retain their structure even during long term catalytic processes ( Figure S4 ). An interesting anomaly is observed only for [Co
where a decrease in current density is obtained as usual followed by an abrupt increase after around 10 hours. A comparison of the CVs obtained before and after a 24 h electrolysis experiment indicates a significant increase in the onset overpotential and catalytic current density, which could be attributed to the decomposition of [Co Our characterization studies, which will be discussed in the following section also suggest that the decomposition occurs only during long-term electrolysis studies (longer than 10 h). Furthermore, a similar electrolysis study equipped with an O2 probe has been performed with [Co
] to investigate the origin of current density and Faradaic efficiency. The perfect match between the theoretical yield obtained from chronocoulometry measurement and the experimental one obtained from O2 probe indicates that the only origin of current density is catalytic water oxidation to O2 evolution process and there are no competing redox reactions ( Figure S5 ).
Characterization Studies
All samples are isostructural with Prussian Blue crystal structure adopting face-centered cubic structure (fcc) with Fm3m space group as confirmed by powder XRD studies. The characteristic 2 h a (2θ) p aks f r Pr ssian Bl ha n s r d f r all of the materials ( Figure S6 ) and lattice parameter was determined to be around 10 Å for each derivative (Table S1 ). XRD analysis in gracing incidence mode was also performed on the catalysts deposited on FTO before (pristine) and after (postcatalytic) the electrocatalytic studies to investigate the structural stability of catalyst during electrocatalysis. No additional peaks were observed in the XRD of post-catalytic samples and the peaks corresponding to Prussian Blue type structure remain confirming the stability of catalysts (Figure 4) . The atomic ratio of metals in each compound was extracted by EDX analysis (Table  S2) Accepted Manuscript
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This article is protected by copyright. All rights reserved. Infrared studies show that PBAs exhibit the characteristic bands that are observed for Prussian blue type systems; a) a sharp band at around 1610 cm −1 and a broad one at 3200-3500 cm −1 , which represent H-OH bending and OH stretch, respectively, b) a sharp peak at around 490-590 cm −1 due to M-C stretch, and c) a sharp stretch at around 2120-2180 cm −1 that is attributed to CN stretch (Table S3) . PBAs exhibit higher CN stretching frequencies compared to their hexacyanometal precursors, which confirm the binding of nitrogen atoms of cyanide to Co(II) sites [28, 40] ( Figure S8 ). The Infrared analysis was also performed on the post-catalytic samples. The close similarity between the infrared spectra of cyanide stretches of pristine and post catalytic samples suggests that catalysts M-CN-Co II type coordination mode is preserved during electrolysis ( Figure S9 Table S4 . A mild noticeable broadening in the O1s signal in the post catalytic samples, indicating a partial and reversible oxidation of electroactive Co II sites.
Mechanism for Catalytic Water Oxidation
The CN stretch could be considered as the fingerprint for cyanide-based coordination compounds. The comparison of the shift in the cyanide stretch can be used not only to confirm the bridging cyanide group but also to evaluate the oxidation states, and thus, electron densities of metal ions. Considering that the 10.1002/chem.201704933
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This article is protected by copyright. All rights reserved. oxo/oxyl intermediate is the r.d.s. of water oxidation process for PBAs. Herein, it should be noted that the electronic properties of the catalysts will differ when a potential is applied. Catalytically active cobalt ions will be in their higher oxidation states particularly when the applied potential is above 1 V vs NHE. Nevertheless, the difference in the electron density of cobalt ions should be preserved given that structural integrity of cyanide framework is preserved and that metal ion in M(CN) 6 Interestingly, the half-potential for the second redox step is preserved regardless of pH (<11), which indicates that a hydroxyl group is coordinated to the catalytically active Co IV - Accepted Manuscript
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Electronic Structure Calculations
In order to gain insight into the different performances of the PB analogues studied in this work, electronic structure calculations were performed with DFT. [37, 38] DFT calculations suggest that the catalytically active Co-O site is a local quartet and hence hosts three unpaired electrons. Depending on the nature of the neighbouring metal in a strong field environment, either one or zero electrons contribute to the total spin when a bimetallic model is considered as given in Table S5 . The local quartet spin arrangement of the Co IV center is also verified by the spin density analysis as given in Table 2 . Interestingly, the reactive Co IV center possesses a large degree of radical character distributed over the Co-O bond. Such electronic structure fingerprints of high valent Co moieties were recently shown to be related to reactivity, [43] where a seemingly Co(IV)=oxo species bearing a mixed electronic structure of the oxyl/oxo type was reported. In that work, one of us (Y.D.) has shown that, similar to the case reported in here, the oxo-wall [44] was indeed not broken and the local quartet spin arrangement, delocalized along the Co-O bond, showed substantial radical character on oxygen. Overall, a more appropriate electronic structure assignment for the in situ generated, catalytically competent, O-O bond forming species is a mixed Co-oxo/oxyl.
CN stretching frequencies ((CN)) and molecular orbitals were investigated to enlighten the molecular reasons of catalytic activity ( Table 2 ). The calculated trend of (CN) is in good agreement with experimental results and show the flow of electron density from the Co site. More importantly the critical O-O bond formation step is well understood by analyzing the attack of water to the Co-O center. The oxygen lone pairs possessed by water are seeking empty orbitals on the Co-O center for which the best candidate is the LUMO. As shown in Table S5 , h σ* MO generated from Co_d and O_p contributions is obtained at lower energies (ELUMO in Two of the three quartet spin electrons are distributed over Co and one over oxygen however all three electrons are better described to share Co_d and O_p orbitals through the Co-O bond. The reactivity correlates with obtaining the LUMO, to be attacked by incoming water, at lower energies as summarized in Figure 8 . Note that the truncated quantum chemical model might not capture all the structural features of the PB surface yet it is a good compromise between accuracy and cost. Moreover with the assistance of the experimental data, the electronic structure assignment of the active species being CoIV(O)/CoIII-(O•) ld be made, and hence the model chemistry is useful. In conclusion, the following mechanism has been proposed based on the experimental and computational studies ( Figure 9 ). This study shows that electronic properties, thus, the electrocatalytic activity of catalytically active cobalt site can easily be tuned using the versatile chemistry of PBAs and neighbouring metal ions should also be considered as an important parameter to evaluate the catalytic activities of water oxidation electrocatalysts. Detailed electronic structure calculations employing multi-reference techniques about various Co-O systems are under way to corroborate the nature of the Co IV -O bonding and reactivity. 
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prepared by drop casting method. A mixture of 5 mg of PBA catalyst, 500 μL D F, 500 μL wa r and 100 μL Nafi n s l i n w r mix d and sonicated for 30 minutes. After making a sta l s sp nsi n, 50 μL f i was taken and dropped onto by covering 1 cm 2 of the FTO electrode.
Electrodes were then dried at room temperature for 10 minutes followed by 80 o C for 10 minutes in an oven. Then they were left in desiccator until further use for electrochemical experiments and characterization.
Electrochemical Measurements
Gamry Instruments Interface 1000 Potentiostat/Galvanostat was used for performing electrochemical measurements. A conventional three electrode cell was used with Ag/AgCl (3.5 M KCl) as reference electrode, FTO as the working electrode, and Pt wire as counter electrode. YSI 5100 dissolved oxygen sensing electrode instrument equipped with a dissolved oxygen field probe was used to determine the oxygen evolution. KPi buffer solution was prepared by using KH2PO4 and K2HPO4 and pH of the solution was adjusted by adding H3PO4 or KOH. Bulk water electrolysis was performed with a two compartment cell with separation of a glass frit. The electrolysis and steady state chronoamperometry experiments were performed in KPi buffer solution containing 1 M KNO3 as s pp r in l r l . l r T l d S220 S nC mpa ™ pH/I n pH meter was used to determine the pHs of buffer solutions. All of the electrochemical experiments were performed at room temperature and under N2 atmosphere.
Physical Measurements
XRD pa rns w r m as r d sin a Pananal i al X'P r Pr Multipurpose X-Ray Diffractometer (MPD) with CuKα X-Ray Radiation (λ= 1.5418 Å). I-XRD patterns were recorded by using a Panalytical X'P r 3 RD a rial R s ar h Diffra m r ( RD) wi h C Kα X-ray radiation (l=1.5418 a) at an incident (w) angle of 0.58. FTIR spectra were taken by using a Bruker Alpha Platinum-ATR Spectrometer with wavenumber range between 4000-400 cm −1 . FEI-Quanta 200 FEG ESEM was used for imaging and EDAX analysis, at 5 kV beam voltage for imaging and 30 kV for EDAX. XPS analysis was performed using Thermo Scientific K-Alpha X-Ray Photoelectron Spectrometer system with a AlKα microfocused monochromator source operating at 400 mm spot size and hγ= 14.86.6 eV accompanied by a flood gun, 200 eV for survey scan and 30 eV for individual scans. In order to plot and analyze the results Origin Pro 8.5 was used.
